ABSTRACT Quantal release, incremental detection, and oscillations are three types of Ca2+ responses that can be obtained in different conditions, after stimulation of the intracellular Ca2+ stores by submaximum concentrations of inositol 1,4,5-trisphosphate (InsP3). All three phenomena are thought to occur through the regulatory properties of the InsP3 receptor/Ca2+ channel. In the present study, we perform further analysis of the model 
INTRODUCTION
Oscillations of cytosolic Ca2+ resulting from extracellular stimulation by a hormone or a neurotransmitter have been observed in single intact cells of very different types (Tsien and Tsien, 1990; Meyer and Stryer, 1991; Berridge, 1993; Berridge and Dupont, 1994; Sneyd et al., 1995) . Because this phenomenon is widespread and because it is expected to play a primary physiological role, many experimental and theoretical avenues have been explored to gain insight into the mechanisms of Ca2+ oscillations and of their spatial counterpart, propagating Ca2+ waves. A key feature for understanding these mechanisms is the so-called Ca2+-induced Ca2+ release (CICR) regulation, through which Ca2+ release from intracellular stores is enhanced by cytosolic Ca2+ itself (Fabiato and Fabiato, 1975; Endo and Tino, 1990 ). Initial models predicted that this regulation, acting at the level of the ryanodine receptors, could underly the oscillatory behavior (Kuba and Takeshita, 1981; Berridge and Galione, 1988; . However, in many cell types, Ca2+ oscillations occur through Ca2+ mobilization from internal pools sensitive to inositol 1,4,5-trisphosphate (InsP3). The most convincing evidence that CICR, first observed at the level of the ryanodine receptor, is a general regulatory element leading to oscillations came from studies on membrane preparations, showing that the description of successive activation and inhibition of Ca2+ release by cytosolic Ca21 can qualitatively account for the existence of Ca2+ oscillations (De Young and Keizer, 1992 ; Atri et al., 1993; Tang et al., 1996) ; however, quantitative agreement between models and experiments is still lacking. Indeed, in the experiments, periods on the order of 1 min are frequently observed among the different cell types; in contrast, in the models, periods larger than 10 s have not been obtained with realistic values for the kinetic constants of the InsP3 receptor (Sneyd et al., 1995) .
On the other hand, in populations of permeabilized cells, InsP3-induced Ca2+ release has been shown to occur in a quantal manner (Muallem et al., 1989; Meyer and Stryer, 1990; Taylor and Potter, 1990 ; Combettes et al., 1993a,b; Bootman et al., 1992 Bootman et al., , 1994 . A submaximum InsP3 concentration is indeed unable to release the total Ca2+ content of the pools. Moreover, it has been shown in some cases that the residual Ca2+ can be released when a slightly higher InsP3 concentration is added to the medium. This property has been referred to as incremental detection (Meyer and Stryer, 1990) . Various hypotheses have been proposed to explain this partial discharge: differences in sensitivities for InsP3 of the various Ca2+ pools (Kindman and Meyer, 1993 ; Bootman and Berridge, 1995) , dependence of the InsP3 receptor/Ca2+ channel activity on luminal Ca2+ (Irvine, 1990) , rapid activation of the Ca2+ pump (Steenbergen and Fay, 1996) , or the existence of a so-called memory molecule (Swillens, 1992 and schematized in Fig. 1 , numerical integration of the system defined by Eqs. 1-5 leads to the typical incremental detection behavior. Fig. 2 A shows that the system responds to successive InsP3 stimuli above a certain thresold, by transient and rapid decreases of Ca2+ in the lumen. The activation of the channel by Ca2+ in the
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.; g 400 because of the much smaller "cytosolic" volume and possible luminal Ca2+ reaccumulation. In fact, the ratio a/,B has been kept unchanged, but when oscillations are considered, the absolute values of a and 1B also become important. In this respect, it should be noted that the system defined by Eqs. 1 and 4-8 reduces to the system 1-5 if the volume of the cytosol tends to infinity (i.e., a and 13 tend to zero, as does VMP, given that the latter parameter is defined with respect to the cytosolic volume). From a mechanistic point of view, the major difference between Fig. 2 A and Fig. 2 B lies in the variable governing the temporal behavior of the system. In the case of quantal release and incremental detection, the response is induced by successive changes in InsP3 concentration; the channel indeed adapts to any InsP3 change through the Ca2+ transients in the domain, and through the increasing fraction of desensitized channels. On the other hand, for oscillations, variations in InsP3 concentration are not considered. The state of the receptor only varies in response to Ca21 changes, which thus govern the whole dynamics of the system. As examplified in Fig. 2 B, these changes in the fraction of desensitized receptor can, for some parameter values, be very small.
One of the basic properties of Ca2+ oscillations is that their frequency increases with the level of stimulus. Fig. 3 shows how the variables of the system defined by Eqs. 1 and 4-8 evolve when the stimulus is increased. Oscillations occur from Ip = 0.12 to Ip = 0.47. Not shown on Fig. 3 Fig. 3 , the pool never loses more than 25% of its content. In fact, oscillations appear to be nearly unchanged if the Ca2+ level in the lumen is assumed to remain constant. Finally, the bottom panel shows that variations in the fraction of desensitized receptors decrease with the InsP3 concentration, because the receptors have less time to resensitize between two successive spikes. In fact, the decrease in period with the level of InsP3 is the consequence of an increased efflux from the lumen into the domain, allowing the Ca2+ level in the latter compartment to reach the activation threshold earlier.
Another factor that markedly affects the period of the Ca2+ oscillations generated by the model is the rate at which the InsP3 receptor/Ca2+ channel resensitizes (parameter k_). As shown in Fig. 4 , the period decreases when the rate of resensitization increases. In contrast to the situation described in Fig. 3 Time (s) factor, one could imagine some effect of this additional variable. This is indeed the case for the parameter values used in Fig. 5 A, where the period is as large as 53.2 s, which is on the same order as experimentally observed periods (Berridge, 1993) . This period, obtained with realistic values for the parameters governing the dynamics of the receptor, is obviously not imposed by the kinetics of the receptor resensitization for which the characteristic time is on the order of a few seconds. Moreover, it can be clearly seen in Fig. 5 values for the parameters governing the dynamics of the receptor, the period can become as large as 100 s.
IMPORTANCE OF COOPERATIVE PROCESSES
From a theoretical point of view, the existence and properties of the Ca21 spikes largely rely on the cooperative nature of several steps involved in their generation (Kuba and Takeshita, 1981; Swillens and Mercan, 1990; De Young and Keizer, 1992; Atri et al., 1993; Stucki and Somogyi, 1994; Tang et al., 1996) . It is indeed well known that cooperative processes play a key role in destabilizing the stationary state Goldbeter, 1996) . On the other hand, the Ca2+ ATPase responsible for Ca2+ pumping from the cytosol into the stores is known to show positive cooperativity, with a Hill coefficient of about 2 (Carafoli, 1987; Lytton et al., 1992) or 3 (Camello et al., 1996) with respect to cytosolic Ca2 . Moreover, the fact that the InsP3 receptor is a homotetramer suggests that Ca2+ activation and inhibition could also be cooperative processes, a hypothesis that has received experimental support (Bezprozvanny et al., 1991; Schrenzel et al., 1995 Bootman et al. (1992 Bootman et al. ( , 1994 ). In the model Smith et al. (1996) and is currently under investigation. In the present simulations, the increase in period due to the existence of the domain is further amplified if one assumes that the Ca2+ pumps are located so close to the InsP3 receptor that they also act on the level of Ca2+ in the domain located downstream from the gate of the channel. It is conceivable that the extent of colocalization between the Ca2+ pumps and the release channels varies from one cell type to another (Rossier et al., 1991; Favre et al., 1996) Given the primary role played by CICR in generating oscillations in the present model, it is most probable that its detailed oscillatory behavior would closely resemble that of a previous, more phenomenological model . In particular, propagation of Ca2+ waves would certainly be obtained when the diffusion of cytosolic Ca2+ is considered Goldbeter, 1992, 1994) . Along the same lines, other models for quantal release that incorporate CICR, particularly the ones based on different sensitivities of the distinct InsP3-sensitive Ca2+ pools (Kindman and Meyer, 1993; Bootman and Berridge, 1995) , could probably also give rise to Ca2+ oscillations. In any case, a general approach incorporating these two different and complementary aspects of Ca2+ signaling is certainly required to gain a more precise understanding of intracellular Ca2+ organization.
